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ABSTRACT 

A low-density gasdynamic facility, suitable for measurement 
of mass flow through small (approximately 1 mm diameter) nozzles, 
tubes, and orifices, was designed and constructed. The system is 
capable of producing and measuring mass flows at 100:1 upstream/ 
downstream pressure ratios for the entire spectrum from continuum 
to free molecular flow. 

Results of preliminary tests on an orifice are shown anc 
compared with the work of previous investigators. The regime of 
transition flow is apparently shown to extend to higher Knudsen num- 
bers than previously postulated. The ratio of actual mass flow to 
theoretical free-molecule mass flow is shown to increase smoothly 
from a limiting value of 1.0 at high Knudsen numbers to an apparent 


limiting value at very low continuum-flow Knudsen numbers. 
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LIST OF SYMBOLS 


Knudsen number, ratio of mean free path to characteristic 


length of flow channel = A/D 
mean free path, cm 
diameter, cm 

viscosity, poise 

density, ee 


mean molecular speed, cm/sec 


gas constant per gram M 


8.314х10  %уге-ста 
g-"K 


universal gas constant = 
molecular weight, g/mole 
absolute temperature, °k 
pressure, dyne/cm“ 
ratio of specific heats 
speed of sound | 
Reynolds number 

Mach number 

mass flow rate, g/sec y 
cross-sectional area, cm“ 

perimeter of cross section, cm 

length (of tube or nozzle), cm 

Clausing factor 

-5 рана УМ G1) 

orifice discharge coefficient 


3 
volume flow rate, cm” /sec 





Г non-dimensionalized mass flow rate = m/(p WA) 

E 
W characteristic velocity or orifice flow = (P -P М.) 
Гк non-dimensionalized mass {flow at the free molecular limit 


= Aly 2 


Subsc ripts 


с stagnation chamber conditions 


e exhaust chamber conditions 
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І. INTRODUCTION 

Considerable interest has been generated recently in the 
problem of flow through nozzles at very low chamber pressures, in- 
asmuch as low sustained thrusts are often desired to control space- 
crait orientation or to make small orbital changes. Rocket motors 
have in fact been designed to give thrusts on the order of a micro- 
pound. Although, understandably, little data are available on the 
actual measured thrust and mass flow of these motors, it is esti- 
mated that gas flow through the nozzle falls ina regime of flow which 
is intermediate between continuum gas flow and free molecular flow. 

It was thus determined to design and construct a low- 
density gasdynamic facility suitable for measurement of mass flow 


through orifices, short tubes, and nozzles in this regime. 
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П. THEORETICAL BACKGROUND 

The characteristics of gas flow through a bounded space 
vary markedly with the density oí the gas. Knudsen was among the 
first to investigate, both theoretically and experimentally, the case 
wherein the gas is rarefied to the extent that the average distance 
traveled by each molecule between collisions with other molecules 
is of the same order as, or greater than, the lateral dimensions of 
the flow channel. Knudsen in fact defined the ratio oí molecular 
mean free path to some characteristic channel dimension (usually 
the diameter for circular cross sections) as a criterion for deter- 
mining the nature of the flow. Utilizing this Knudsen number, we can 
define flow regimes ranging from ordinary continuum flow, where the 
gas acts as a fluid matrix, to the aforementioned free molecular flow 
where the gas exhibits all the characteristics of its coarse molecular 
structure. 

oe and others proposed the names for the various re- 
gimes and, following Schaaf and Chambre“ and Dushman”, we can 


divide the regimes roughly by Knudsen number as foliows: 


continuum flow Ка ОН 
slip flow ОЗ = Kn ce Т7 
transition flow _ ша бр ee 
free molecular flow Mum 5 


The Knudsen number has been defined as the ratio of mean 


‘free path to flow channel diameter, i.e., 


Kn = A/D а (1) 





ТЕ 


From the Kinetic theory of gases”, we obtain: 


- 21. 
A 7 SVO | (2) 


where: 
ы = viscosity, 
Е ео 
= VSRT/x - mean molecular speed, 


газ constant per gram, 


пи = > 
Ф 
| 


absolute temperature, and 
D = pressure. 


Substituting for p and Veer 


, =.2uVTRT „ шт ЈАТ 
р \/sRT Ан Ал 








ог 
~ 164 Би 
A = БР. р ET (3) 


after an. 


Then Knudsen number, based on stagnation chamber con- 


16u RIZ 
Kn = БР р \/ 2 : (4) 
The mean molecular speed is related to the speed of sound as: 


а = v_VYry/8 (5) 


ditions, is: 





where: 


y = ratio of specific heats, 


" 
| 


speed oí sound. 


Then: 








- Zu 2 НАГ 78 
A = ES тү/3 (6) 
lcu рат (7) 


The Reynolds number based on the same dimension, D, 15: 

Re = pVD/u з раМР/у 

Re/M = paD/u (8) 
where M = Mach number. 

Substituting this expression in equation (7) gives the ¿unda- 
mental relation: 

Kn = 1.26Vy M/Re . (9) 

The most significant phenomenon oí slip flow is the fact 
that the layer oí gas adjacent to the wall can no longer be considered 
at rest as in continuum flow, but has some finite velocity. Thus, the 
equations for continuum flow, such as the Navier-Stokes equations, 
can still be used in slip flow with certain semi-empirical modifica- 
tions. 

Free molecule flow is quite rigorously analyzed by use of 
the kinetic theory of gases. The assumption can successfully be 
made that intermolecular collisions are unimportant compared with 
molecule-wall collisions. Then the fluxes of incident molecules and 
reflected molecules can be treated independently since there is little 
chance that a reflected molecule will collide with incoming molecules. 

However, in the transition regime, density of the gas is 
such that the mean free path is of the same order as, or less than, 


the flow conduit diameter. Іп this case, intermolecular collisions 


cannot be ignored, but neither does the gas very closely resemble a 





52 

continuous fluid. The analysis of the flow becomes quite complicated 
and no really satisfactory theory has yet been devised to describe 
flow in the transition regime. The need ior more experimental data 
in this area has been noted by She EP and others. 

lhe flow regimes delineated above of course grade smooth- 
ly into each ohen such that any line of demarcation between regimes 
is somewhat arbitrary. However, examination oí the theories and 
analytic techniques generally accepted or proposed by various authors 
for flow through orifices, short tubes, and nozzles in each regime 
will aid in defining the scope of the present investigation. Since de- 
termination of mass flow rate through the above conduits is the ob- 
jective of the low-density gasdynamic facility, analytic equations for 


mass flow rate will be the objective oi the following discussion. 


A. Free Molecular Flow 
6 За ќе Р : 

Present and Dushman give the equation which Knudsen 
deduced frorn kinetic theory for mass flow through a conduit of vary- 
ing cross section. Knudsen considered the walls to be of such rough- 
ness that the reflections were completely diifuse, a quite practical 
assumption since surfaces of the smoothness of a crystal cleavage 

+ а • де 6 ^ - І 

plane or better are required for specular reflections . Knudsen's 


formula is: 





(10) 


where: 





аа 


A V8RT/v = mean molecular speed 


< 
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Р. = stagnation chamber pressure 

Po = exhaust chamber or exit pressure 
A = varying cross section 

Н = perimeter of cross section 

L = length along nozzle 

T = absolute temperature 

R = gas constant íor one gram | 


Substituting for ў : 


= ват Ат (Р_-Р.) BP) 
mos ---------5-%- = 5 8/5 EE US 


C 

A 
а Да јал 
А 


The equation (11) is readily reducible for any nozzle where the cross- 


ін 


sectional area and perimeter are known functions of L. Fora cir- 


cular, constant-area tube, equation (11) reduces to: 





4 (Р.-Р.) 4D APP 
m = = V8/rRT c EN — 31 nn (12) 
4TDL/ATD = \/ZuRT 


where D = tube diameter. We at once perceive the anomaly that 
mass flow through a zero-length orifice becomes infinite if we at- 
tempt to use equation (12). The theoretical work of P. Clausing' 
some years after Knudsen on the problem of free molecular flow 
through short tubes and orifices produced the well-known Clausing 
factor, which enters as: 


ХР -Р.) 
mos —————— (13) 


М СПЕ Е 


where x = Clausing factor. 





m 

Clausing showed that x is 1.0 for a zero-length orifice and 
approaches 4D/3L for large ratios of L/D, i.e., long tubes. Dush- 
man” gives a plot of Clausing factor versus L/D for L/D ratios from 


Oto 23, and tables for L/D ratios upto Soc: 


B. Continuum Flow 

At high Reynolds numbers, continuum fluid flow through short 
tubes and nozzles is effected by boundary layers to only a small de- 
meee, and that through an orifice to an even smaller desrrecibecause 
of the very small passage length. However, another problem arises 
in the computation of continuum mass flow through an orifice when the 
pEessure ratio across the orifice is high enough [ог transonie tow 
velocities. Аз ЖС points out, an S-shaped sonic line exists 
for high pressure ratios across an orifice. Analysis bythe method 
of characteristics in the hodograph plane shows surprisingly high 
pressure ratios (Р/Р. = 58.3 for y = 5/32 ‚Ток су еб те 
for choked flow, and indicates a mass flow attenuation from the one- 
dimensional isentropic value since the flow at the plane of the orifice 
is not sonic over the whole area. The one-dimensional analysis gives: 


m = pAV = pAaM 


= т (АТА for M=1.0 


Eee A 
Cr RT 96 
С eT. 








Р.А 
г = Г! ———— (14) 
RE 
where: 

Р. = stagnation chamber pressure 

A = stagnation chamber temperature 

К = gas constant per gram 

А = cross-sectional area of the orifice 


(y+1)/(y-1) 





ар 


which is a familiar result. However, the S-shapec sonic line re- 
quires the inclusion of an additional factor to modify T'' , which will 


also be a function of y, ie., 


P A 
ег = : (15) 
КТ. 


Шише factor & is normally obtained from experimental cata гот а given 
merce, but E has made a numerical computation for gas flow- 
ing through a two-dimensional slit. He obtains 4 =.85 fora gas with 
у = 1. 4. D indicates that the value oí & for an axisym- 
metric orifice is probably little different from that for a slit. 
Analysis of continuum flow through a nozzle is highly de- 
pendent on the Mach number. If Mach number is 1.0 or above, the 
Reynolds number necessary for the flow to be considered in the con- 
tinuum regime is above 100 and the flow can be analyzed either by 
one-dimensional isentropic gasdynamics with thin boundary layer 
modifications or by the method of characteristics, considering shock 


and expansion waves. 





гб бя 
However, at Mach numbers well below 1.0, the Reynolds 
number can drop below 100 and the flow still be in the continuum re- 


I where the in- 


gime. Then we get so-called Stokes "creeping flow, 
ertia terms in the Navier-Stokes equations can be neglected com- 


10 3 
pared to the viscous terms. Roscoe has shown that creeping mass 


{low through an orifice is related to the pressure drop ас: 


3 
ni = 948 (СР, | (16) 
where: 
D = orifice diameter, 
Р. = upstream pressure, 
Р. = downstream pressure, 
Ц = viscosity, ала 


О gas density . 


E 14 | Нарин . 
Weissberg has obtained a similar expression for short tubes: 


Dee (РР | 
“ац та yi 
++ 3w D 


where L = length of tube. 

Doctor F. E, Marble, California Institute ot Pechnoiom ав 
done a theoretical analysis in an unpublished paper entitled "Flow 
of Gas through a Nozzle at Very Low Reynolds Number." By the 
definition of the present investigation, for a throat Mach number of 
1.0, Marble's analysis for throat Reynolds numbers below 100 would 
7 into the category oi low continuufs, bordering on slip low. To 
quote a portion of the paper, 


I.. For these low Reynolds number nozzle 
cous eifects are no longer confined to small 


2 
regions near 
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the walls but extend over the entire nozzle cross sec- 
tion. ... The following analysis attempts to treat the low 
Reynolds number nozzle problem by modifying the formu- 
lation to include the viscous stresses associated with wall 
shear but neglecting the normal viscous stress associated 
with acceleration along the flow direction Lgs DES 
that the flow is dissipative but locally adiabatic..." 


Marble integrates the continuum equations of continuity, mo- 


mentum (including a term associated with viscous stress at the noz- 


zle wall), and the First Law of Thermodynamics. Eis result for 


mass flow through the nozzle is: 


where: 


1 
e Y: 2 „е ва 1 
Ap n¥(1 a ) 
Enc c v Е (18) 
e O 
Е ие 
es v-l С 


р 

A = area of throat 
De stagnation chamber density 
S m stagnation cnambez speed of sound 
me = urla 
а la. 
u* = average fluid velocity at the throat 
y = ratio of specific heats 
S (m) entropy ainen Odi 
S9 = entropy in the stagnation chor bea 
e = specific heat at constant pressur 
el 

C Y а 
A = a characteristic length related to viscous stresses 

- E 

2 


Ц = viscosity 





us 


©- 
І 


numerical constant depending upon the assumed shape of 


the velocity profile 


и? 


2 for reasonable profile shape 


Y 
We can also consider the Hagen-Poiseuille equation for flow 


Ehrough tubes 2 


A > = 
КУРЕ Dr аа е Ра! (19) 
гаси 2 RI 
‘but with the restrictions that the flow is: (1) laminar; (2) incorapres- 


sible (Ms .33); (3) fully developed (tube completely filled by the vis- 


cous boundary layer); and (4) the flow velocity at the wall is zero. 


ШІ transition and Slip Flow 


The Poiseuille formula for longir l2 ес о 


boundary conditions is given by О" as: 


(20) 


г а рар 3 
E | aD (се T 142519D m за | 


ве 2 E ME E 


4 
Sreekanth discovered from his data that the above eguation multi- 
plied by the factor L/(L+D) predicted mass flow faixly well for short 
tubes and orifices in the transition regime. His modified Poiseuille 
equation is: 
‚ 5190? | 1 
с ра P ВЕ йа И ЕЕ НЕ 
E io Los er, ae Da ne 
8RT “ a) 


emt 


Т 


час by the cross-sectional area and rearranging: 
1 


| PR Ver Dr (1422) | 
E Е 1.2.0 
а 21 +Буугект У\/2=в.т 32u RT ) 





сш а ед | 


21025 
10 Ка 


. о „р Васа 7 


С е е C 
n e шш р Оо (22) 
ХА 2(1+ L/D) V2rRT | 


= 


О 


= tube diameter 


viscosity 


Юю E 
И 


gas constant per gram 


absolute gas temperature 


|| 


stagnation chamber pressure 


O 


exit pressure 


= tube length 


pU Uu tH 
| 


A mean molecular speed = 8КТ/т 


We have theoretical free molecular mass flow as (equation 13): 


rug «(Р -P ) 
TES с Се 


А C V UIT 


and we obtain the ratio of mass flow as given by ecuation (22) to the 





theoretical free-molecule flow value : 


m 1 1+ PIT. | 
ma. = aa Ее T ы \ 
і 21 270) | 0 Ка - 076 | (23; 
га 

{m 


4 
"as was Gone by Sreekanth . 


There is also the theoretical analysis of Narasimha for 


orifice flow at high Knudsen numbers. He obtains: 


= = ОЕ 225 R/A, (24) 
Tien 





where, in this case, БК = radius of the orizics ənd A, = mean free path 
under upstream conditions, or, in terms of Knucsen numver, Kn = 


A/D: 








= ЈЕ 


A E (25) 


m 
iri 


The fit of this formula with Liepmann's” orifice data is fair (as 
shown by Narasimha's own plot) from free molecular flaw to a 
Knudsen number of about 1.0, but it begins to deviate rapidly at low- 
er Knudsen numbers. 

Numerical solutions of the Boltzmann equation in the transi- 
в.” Mc “Же • 3 S . 13 ја di 
tiem regime by several authors are discussed by Willis 7, butoone 


seem to be directly applicable to flow through enclosed channels. 





zt 
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ПТ. DESCRIPTION OF LOW-DENSITY GASDYNZNIC FACILITY 


E Genera 

A photograph of the apparatus is shown in Figure l, and sys- 
tems diagrams are shown in Figures 2, 2, ard A пе ЕЕ 
designed and built as a continuous flow, open circuit system with pro- 
ОП for control and measurement of flow over @ stagnation prescsume 
range of 1 micron of mercury to one half atmosphere. Pump capaci- 
ties were selected to maintain a pressure ratio of aj least 100:. 
across the test profile. The downstream pressure can, however, be 
roughly throttled by use of large vacuum gate vaives between the tank 
exhaust chamber and each of the pumps. 

Volume flow rate; pressure, and temperature of che test gas 
are measured at slightly above atmospheric pressure before the gas 
is throttled into the vacuum tank stagnation chamber. "Pressure and 


temperature of the gas in the stagnation chamber and gas pressure in 


~ 


the exhaust chamber can also be accurately measured. 


B. Pumping System 

Figure 4is a schematic diagram of the pumping system. On 
the basis of nominal test profile diameters of 1 millimeter, a Con- 
solidated Vacuum Corporation PMCS-2C Z-inch oil diffusion pump 
was selected to maintain at least a 100:1 pressure ratio across the 
test profile for exhaust chamber pressures up to 10 microns of mer- 
Bury. Ihe backing pump for the diffusion pump is @ nominal / cubi 

т пт 


feet per minute (CNM) Central Scientific Company "Eypervae 25", 


~ 


ESnhtly larger than the 5 CY N@ backing requized ior mexımumsee = 





ср Ба 
pacity pumping by the PMCS-2C diffusion pump. 

Above 10 microns Hg exhaust chamber pressure, the diffusion 
pump can be isolated from the system by closing a Temescal 2-inch 
vacuum gate valve. Та this manner, tre difusión DEEPO со шосе 
Continuously maintained at operating tenperaturei -e eha оро 
fór warmup and shutdown of the diffusion pump. 

Pumping above 10 microns Hg exhaust chamber pressure is 
RUcomplished by & 300 CF M Stokes 41211 rotary vacuum ри ор леп 
eeoired, this pump can also be isolated from tne system by closing a 
femescal 4-inch vacuum gate valve. Pumping characteristics od the 
Stokes 412H pump and the PMCS-2C diffusion pump are contained in 
Figures 5 and 6, respectively. 

Го the exhaust end of the horizontally-mounted cylindrical 
vacuum test tank is welded a flanged, 4-inch steel pipe of approxi- 
mately four inches length. А horizontal 4-inch diameter aluminum 
pipe with à Z-inch vertical tee is bolted to the flanged end of the steel 
pipe from the tank, with a blank flange containing an exhaust cham- 
ber pressure tap inserted between the two pipe flanges. At the op- 

. posite end of the horizontal 4-inch diameter aluminum pipe is а 
standard ASA 150 # aluminum flange connecting to a 4-inch Temes- 
cal Series 5000 vacuum gate valve. Joined to the other side of the 
valve, by another ASA 150%f aluminum flange, is a ó-inch diameter 
aluminum reversed double elbow with a vertical fall of twelve inches. 
This elbow is to prevent Stokes vacuum ришр 011 іғогл baekstreaming 
Tio the system- Between tke flanged bottora Ead oí the eibow ana the 


` 


flanged pipe inlet to the Stokes pump is a steel bellows designed to 





A 
isolate pump vibration from the system. 

All joints, with the exception of those at the two ends of the 
bellows, are sealed by O-rings with a groove in one flange surface. 
The flanged connections at either end of the bellows are scaled by 
"Con-O-Rings, " flat, concentric metal rings with an elastomer O- 
ле in the middle. 

A 2-inch Temescal vacuum gate valve is connected to a light- 
weignt aluminum flange at the bottom of the previously menti. aec 2- 
inch vertical tee by six cap screws and is sealed with an elastomer 
O-ring. The Consolidated Vacuum Corporation >MCS-2C metal-oil 
Erectionating diffusion pump is mounted vertically below the Zemch 
valve, secured with six cap screws and sealed with a 2-inch Con-O- 
Rng. | 

The outlet of the diffusion pump is joined via 2 flexible cou- 
Plime of ordinary Tygon flexible plastic tubing to 2a i=ineh diameter 
See er pipe which, іп turn, is soldered to the inlet ilange oi the Hy: 
pervac 25 backing pump. Hose clamps seal the Tygon tubing to the 
diffusion pump outlet and copper vipe. 

Pump-down time of the system from atmospheric pressure 15 


shown in Figure 10. 


С. Test Chamber 

The vacuum test vessel is a heavy, cylindrical mild steel 
tank, shown schematically in Figure 3, which is separated into stag- 
nation and exhaust chambers by an internal bulxaead which contains a 


removable O-ring-sealed circular plate. In the center cz the plate is 





ТЕ 
drilled the desired test profile. Internal diameter of the tank is 
about 40 centimeters and upstream and downstream chambers are 
approximately 40 cm and 50 em long, respectively ы сеш 


tank diameter to the I mm test profile is 400:1 , the test profile can 


Ф 
4%, 
кз 
f» 
ЕЈ 
О 
< 
0) 
RO 
| 


Бе Sonsidered as 2n orifice or nozzle праг си. 

An internal bypass around the dividing bulkhead, which is 
controlled by a vacuum valve outside the downstream end cof the tank, 
ccu be opened to allow rapid pump-down of the stagnation chamber 
when a test nozzle is in place. 

Either end of the tank is secured to a rectangular stainless 
steel plate, 21'"x 21" x 3/4'! on the upstreara end and 24" Xx 24" x 3/4" 
on the downstream end, by 16 cap screws. Structural support is pro- 
vided at each of the four corners by 39-inch long, 5/8-inch bolts 
which are threaded into the downstream stainless steel! plate and ex- 
tend through the upstream plate, secured by adjustable nuts on either 
Side of the upstream plate. 

Two l-inch pipe pressure taps (or gas entry lines) extend 
ftom the stagnation chamber through the exhaust chamber and down- 
stream stainless steel end plate, terminating in flange connections 
outside the tank. <All cutouts in the tank internai bulkhead and down- 
stream end plate for passage of these pipes are vacuum welded to the 
pipes. 

A removable circular plate allows access со тре таяк througn 


the unstream-end stainless steel end plate. The access pläte is se- 


9 


сасеа by six ilat-neaded machine screws and sealed with an elastomer 


( 


. TS че . 
Ens. Iwo threaded =-inch Glameteimpores iu the access plate arc 


~ ~ 





NC 
available as pressure/temperature taps or test-zas entry ports. The 
present installation utilizes the centerline port for test gas entry and 
the ofí-center port for introduction of a precision mercury-in-elass 
temperature measuring device into tke stagaation cha. inbe 2 Zr 2 erde 
off line from the thermometer tube goes also to a coup 
measurement instruments which are described in the section titled 
Vacuum Pressure Measurement. 

x 


Ihe tank is supported to the desired heigz: by & wooden irarae 


of 4" X 4" support members and 2" X 4!! longitudinal connectors. 


Э. Gas Flow and Measurement oystem 


Source of the test gas is a standard 2000-15 was bottle, re- 
Search grade, of purity 99.99 per cent or better: 


Pressure reduction is accompiished by two regulators in 


- series. Ihe high pressure regulator is a Matheson Model 2 with de- 


livery pressure from 25 to 650 psig. Low pressure regulation is ac- 
complished by a Matheson Model 708 reguiator with delivery pressure 
of 3 to 15 inches water column. 
From the low pressure regulator, the gas flows through a 

lud nitrogen cold trap for removal of any lingering impurities.) The 

old trap reservoir is a standard Dewar wide-mocutz vacuum flask 
packed in insulating material inside a metal container. The glass cold 
trap is a standard Pyrex double-tube trap, 30 cm long, we 5/8" di- 
ameter top and side connections, manufactured by Gro: iner Glass- 
blowing Laboratorios. 


£ constant telmmpeyature bata гетто о сан 





OS 
ture after the cold trap. The bath consists oí a Orpa le ca 
filled with water, an electrical res istance- -type heating eiement, a 
temperature regulator with a precision tempe ш КЕ ЕЕЕ 
imiometer, anda circulating propeller powerelw y в спаси сос 
motor. Residence time of the gas within the bath is increased by ten 
l-ft diameter coils of the 3/8" diameter copper tube feed line. 

After the bath, but prior to flow measure. er wesen 
temperature taps are led off from the main flow line. Ternps.ziure 
measured by a precision mercury thermometer, an ASIM SaybBolt 
viscosity thermometer, No. 17F, with a range of 06 to 30 degrees 
Шашгепне:в. It can be read to &.02 degrees Höährenneit 

The pressure line connects to a Burton dial gauge, Model No. 
2501-001, m a range оі 0- 15 pounds per square inch absolute pres- 
sure, and a Wallace and Tiernan precision mercury menometer, 
Model FAl35, with a range of 0-800 millimeters of mercury. The 
dial gauge can be read to +.01l psia and is accurate to $ per cent of 
full scale. 

The flow measuring system is shown in Figure 2. Flow rates 
of about 2.0 standard cc/sec and above are measured by four Brooks 
E/C Purge Meters: (1) R-2-15-AA with stainless steel float, range 
„4 - 4.3 standard cc/sec at 760 ram Hg pressure and 70°F ; (2) R-2- 
25-D with sapphire float, range 1.0 - 10.9 standard се/гес; (3) R-2- 
25- with sapphire float, range 4. 0 204 О 5азаата сс ya and (4) 
R-2-25-B with sapphire float, range 10 - 108 standard cc/sec,. The 


ШОЛУ tates quoted are for dry helit#mas det@rminec by d water dis- 


placement calibration of the system as installed. Pisco 7 shows the 





эб 
calibration curves for all four meters. Таг extensive overlap was 
planned to allow use of each meter only in the -pper one-half of its 
range where it is most accurate. 


Lhe governing equation for the volume #Zlöwrhröuph. esos 


rs 
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talled "rotameters'' deseribed above is Toren 


2g V A pe- > = 
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О = А (26) 


whe re: 
Q = volume rate of flow 
y 


£ = volume of float 


g = gravitational constant 
= float density 


о = fluid density 
Ww 


А; = area oí float 
С 


= discharge coefficient, depending on particular test fluid 


4 
(varies slightly with viscosity) 


А = = ШКОК - аа = area of annular orifice 


W 


D = effective diameter of tube depending on position of float 


b zz change in tube diameter per unit chanbte in helokt 
сэ e 

а = maximum diameter ог float 

y = height of float above zero position 


The rotameters should be recalibrated for each different test gas 
used, because of the change in discharge coefficient. However, 


„~ 1 


dessen of the rotameter is such that C олау Бе сорвісеге 


р 


constant 


Ds 


foOr smali variations ia other test conditions. 


in the case of a gas, Py is пер оста comparison witt Pe 
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and the volume flow r&te can be approximated as: 
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-s 
en 


глад, 
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Q= AC с (27) 
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Де ilow rate at any test condition a, 
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yv. 
Q = 2 ро 


where the subscript c is the standard flow rate correspondin 
given scale reading as determined at calibration conditions. Mass 
flow räte is then simply: 


m = Ор, = Оф р. (29) 


Flow rates below 2.0 standard cc/sec are measured by use of 
a Brooks 'Vol-U-Meter,'' a primary standard calibrator for flow 
meters. The Vol-U-Meter is a precision-bored, constent-inner- 
diameter borosilicate tube, 30 inches in length, with a cylindrical 
polyvinylchloride iz floating piston inside. The hollow upper por- 
tion oí the PVC piston is filled with mercury which is forced out 
Bouoh a small radial hole into a perimeter groove by turning a set 
EE inthe top of the piston. Ihe mercury in the vistos groove 
forms a gas-tight mercury "O-ring" seal between the portions of the 
tube above and below the piston position. A stainless steel scale, 
en uated from 0 to 25 cubic centimeters, is mounted alongside the 
borosilicate tube. Precision of the tube is .2 ber cen: of indicated 
volume as shown by the scale. The tube is mcurted ia c modified 
aluminum flow meter case and is sealed top and bottom by elastomer 


gaskets. 
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With reference to Figure 2, the Vol-U-Meter bypass valve is 
open while the flow stabilizes at a particular vazi D OWES E 
To measure a ¿low rate, the bypass is closed, which causes the piston 
to move up the tube. Volume displacement га ol the eao is doi = 
mined by timing the piston travel between two gracuations on the scale 
alongside the tube. Since temperature measurements upstream of the 
Vol-U-Meter and in the tank stagnation chamber showed negligible 
difference for most tests, the temperature of the gas in the Vol-U- 

feter was taken as the gas input temperature, Gas pressure imme- 
diately downstream of the Vol-U-Meter was measured by a pressure 
tap from the flow line to a Wallace and Tiernan Model FA-233111 dual 
range dial gauge (0-25 psig and 25- 50 psig). Thus, from measured 
volume flow rate, pressure, and temperature mess Шоу гае а 
the PL Meter was readily determined. 

The pressure drop across the Vol-U-Meter piston was deter- 
mined to be approximately i inch of water column or less than.3 per 
anit Of the absolute gas pressure at that point. However, to preciude 
even this Sch error, and to provide quicker response oz the piston 
at low flow rates, the test gas was routed through one of the rotame- 
EE with the rotameter inlet needle valve set toprovice aieressure 
Em v equiveJent to the weight of the Vol-U-=Meéte> piston. Then 
simultaneously with the closing of the Vcl-U-Meter byp£ss valve, the 
rotameter bypass valve was opened and the pusssuce ае асау rii- 
Grated downstream to the Vol-U- Meter pistus. 


Usable range of the Vol-U- Meter is about .0023 cc/sec to 2. 5 


cc/sec. In actual fact, the lower limit is a function only of the 


сы 





Be 
stamina and perseverance of the operator, since the positive dis- 
placement piston would measure 1 cc/year flow rate, if pressure and 
temperature conditions could be successfully averaged сос Же test 


Pefiod. The upper rate is ап accurdey limitatiba des to Ce coo 
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time of the operator. Care must also be exercise 


maces to stop the piston prior to the top of the tube anc to lower: 


= 


gently, else the mercury "O-ring" will break and leave mercury 
droplets on the tube walls. This necessitates the tedious task of dis- 
assembling the Vol-U-Meter, cleaning the tube and piston, end re- 
setting the mercury "O-ring." 

Downstream of the flow measurement devices, the flow passes 
through, and is ultimately controlled by, a Granville-Phillips Series 
203 Variable Leak. Specifications state conductance is variable from 
ome” standard cc/sec d 100 cc/sec with 1 atmosphere pressure dif- 
ferential across the valve. The valve handle is connected to a counter 
which increases one numbex for each 1/10 handle turn. With the 
citen properly adjusted, the handle slips at a counter reading of 10, 
corresponding to gas-tight shutoff (conductance no greater than ome 
cc/sec) and is fuily open at & counter reading of 279. The higher flow 
Be sre quite reproducible at given counter seitincs, Бос спе hyster: 
esis inherent in all mechanical devices precludes enything more than 
approximate reproducibility at low flow rates. Figure 8 is a reason- 
ably accurate plot of Variable Leak counter setting versus stagnation 
chamber.pressure from data obtained during“ests on the present sys- 
ema, usile helit as the test gas and an Фе! 1се #9 RMS test protic. 


Bantry oz the test gas into the stagnation chamber of the 





e 
r 658 
ы 


О 


vacuum tank is through the stainless steel access ріг f the Y 


stream end via a 3-inch centerline port. Tests were rade both with 
tne gas ertering paraliel to the idlow disooudocoihro e Lo 5 
file and turned 90° Буда l-inch copper elbow. No difference in re- 
sults was observed, indicating little likelihosd шав сЕ 
streamlines near the centerline increased the mass Ком through the 
test profile over and above that due to the measured conditions in the 
бос слабтол сћатпрет,. 

t would also be possible to introcuce the test gas through one 
of ле ort-centerline 1-inch oer which extend firon We сое 
end of the tank through the exhaust chamber ana divicing bulkhead 
into the stagnation chamber. This would completely e.:minate any 
lingering doubts about straight-through flow efiects, since the flow 
direction into the chamber would be opposite to the ¡low directióón 
ШШ Ор їһе test profile. 

Stagnation chamber temperature was measured by 2 precision 
mercury-in-glass thermometer, an ASTM Saybo olt viscosity ther- 


— 


mometer, No. 17F, range 66-80 degrees Sahrenheit, which could be 
: O ; 
meeato+.02 F. The thermometer was introduced into the stagnation 
T i Y 5 В - 
eBamber through an oif-center 5-inch port in the access plate of the: 


round'the glass ther- 


Г) 


Mosurcer stainless-steel end plate. Sealing 
paemeter tube was accomplished by use ol a pauze tubs connector 
with necprene bushing. 

Accuracy of this method ог Теле а е шы че пе мас 
re rewhat questionablemm very low staegnelrom e oam Eu рособитез, Бие 


the constancy of temperature between the inp 





„Dr: 
stagnation chamber measurement at higher pressures асе ae 
onable to assume such was also the case at low stagnation chamber 


pressures. 


E Test Plate 
The test plate occupies the center of the алат а 


which separates the stagnation апа ехлацо слегајека орле фан 


rx 
А 


Figure 9 shows the plate with a typical test profile. “he vlate is se- 
n ed to a recessed cutout in the tank dividing balra T пе виа 
head machine screws equally spaced near the perimeter and 15 sealed 
eed an elastomer O-ring. The flat upstream side of the fest viate rc 
mush with the bulkhead, making the test profile an aperture in an es- 


sentially infinite plane wall, since the ratio of tank diameter to test 


profile diameter is approximately 400:1. 


Е. Vacuum Pressure Measurement 


The sole exhaust chamber pressure tap is 2 3/8-inch copper 


Ф 
ct 
ў) 
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tube which extends from a blank 4-inch aluminum ilange at th 
outlet into the exhaust chamber, where it bends 90° to the direction 
Капе gas flow. «ko the outside of the hole in the Објава малог 15 соли 
nected a 3/8-inch copper tube line to a mercury McLeod gauge. A 


Blind tee Írom this line terminates in a Censolidetecd Vacuum Cozp. 


ин 100, range 0- 1000 microns Ho, rererzec со ле оте 25 the 


tí 


О 


"thermistor" gaug 


mn = =, я ~ = =, ~ ал. -. . e. ң 3 E (y vt. Се - . — - 
lwo upstream pressure taps are utilizec. The ixst makes 


= Ф 





кн 
use of a l-inch pipe extending from outside the downstream end of the · 
tank, through the exkaust chamber and di:dro a и 
flange at the outside end of the l-inch pipe is connected (спа sealed 
with an elastomer O-ring) a mating flange to which is soldered a 3/2- 
inch copper tube that joins the line to the Mcilecd оос "Shutoff 
valves in the upstream and downstream pressure tap lines, prior to 
the point where they join the single line to the McLeod gaure, make it 
possible to measure upstream and downstream pressures independ- 


+ 


ently with the McLeod gauge. The McLeod line passes through a 


C 


Maid nitrogen cold trap prior to reaching the geuse, not only to cones 
dense impurities in the test gas but also to pretect the system fron 
mercury vapor emanating from the McLeod 
Beservoir is a Dewar wide-mouth vacuum flask mecked i= insulating 
material inside a metal container. 

The second stagnation chamber pressure Тап елес е 
off-center port in the access plate at the upstream end of the tank, via 
a 3/8-inch copper tube, to a 0-50 mm Hg Wallace and Tiernan abso- 
lute pressure dial gauge and a 0-00 mm He Wallace ana Tiernan 
precision mercury manometer, Model FA-130, Both of these instru- 
ments can be isolated by Circle Seal 1/4-iach vacuum shutoff valves. 
The manometer was isolated from the systera below 50 mm Hg stag- 
meron Chamber pressure to preven mercury vapor contamination of 
the Granville-Phillips Variable Leak. 

The vacuum pressute line rom the stagsetico charsoeg is cons 
nected to the top of the manometer with the mercusy reservoir open 


" 


Gosche ctmospeere. 


E] 


he manometer mercury Cco.umn 2€lpat was sub- 
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tracted from a Сегітзі Scientific Company mereury-jn alas2 720753 
eter reading to give the absolute sfagnation ¢ham se eee 
dial gauge was set to agree with the McLed cual Samo bcarcditc 
stay in calibration over a p@riod of two montim/ 
me read to an accuracy of =. Cl wena. 

A blind tee from the above pressure tap line texminated in a 
Consolidated Vacuum Corp. GTC-004 Thermocouple Gauge Tube, the 
Sensing element of the Consolidated Vacuum Corp. Thermocoupie 


ve 


єз 


Vacuum Pressure Gauge, Type GTC-100. The two-chann 
AMS tor gauge, with one channel connected to the exhaust che mber 
sensing element and one channel to the stagnation chamber sensing 
element, was calibrated periodically but was never used as опе лан 
a2 rough pressure indication in setting the variable leak or cetermin-= 
Шоле exhaust pressure when it was necessary to зм 1 сп г ог the 
diffusion pump to the Stokes 412H rotary pump. In fact, all precision 
pressure measurements up to 100 mm Hg were meade Ly the McLeod 
gauge, and thoseabove 100 mm were made by the mercury manometer. 

The McLeod array, made by Greiner Glassblowing Laboratory, 
consisted of two separate gauges; a non-linear gauge with a range of 
0-125 microns of mercury, and 4 "linear" sauge with three initial/ 
rS volume ratios and three respective reacınp,tupes wer шастае 
Bei mm He, 0-10 mm Hg, and 0 - 100 mm Но. 

The non-linear gauge has a capture volume of 330.6 cubic 


Sertimeters which is compressed into г сарві сее 230 marin 
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mercury column height is read on a mirrored scale осе ес 


=.1mm. Pressure is determined as per tho followin t analysis: 


Р.У, = PV. | assuming en isotherraa!l compression 
4 + c 
ЕЛ ЕЕ 
1 o ЗИ ME 
. - -- > - - . \ - , 
Dj, « Аһ<Р>, (all pressures in We ccturan height) bu: 


>, can beineglecteg со а An 


Vaf = ANA 
с 


= А 
“а = 1 ZG | E 
where: 
P, - unknown pressure to be measured 
>, = final pressure of compressed vas 
Ah = .diftecential mercury со ш Иве 


A = area of сар Пат y tube box 


O 


= capture volume (known) 


ко 


У> = final volume of compressed gas. 


е 


The "linear" gauge has a capture volume oi 250.5 ека which 
it compresses to three successively smaller vciumes which are also 
«nown. A 500-mm mirrored scale is set bekind each of three tubes 
uh the zero point of the scale at the level of the corresponding come 
Bression volurme calibration mark. When the :nefcury level is stop- 
| =. any of the three compression volume marss, the differential 
NE Cury column neisht is read on tae scale behing tie annrop-i ate 
tube. Pressure is then determined as fol ows: 


> — D 
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= unknown pressure to be measured 


o 


> 
Р. = final pressure oí compressed za 
| | 
V 


= initial capture volume (known) 
"V, = compressed volume (known) 


Ah. = differential mercury columh height 


i = 1, 2, or 3, corresponding to test sample compres- 


sion ratio ana. scale to be reac. 


All mercury column heights were Cor recka on a a 
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Centigrade and standarc ¿ceavity belore use, except for the Wallace 
wad Tiernan mercury manometers which are equipped with tenpera- 
E e-compensating scales. 


A gas pressurization system was usec to raise and lower the 


da de 


=  cury level in the McLeod gauge.  fnitzcfen Do <, кесе сна 
a Matheson Model !L regulator with delivery pressure írora 3 to 80 
pete, is connected to a Circle Seal MV90 Series Needle Control Valve. 
This needle valve meters the flow of nitrogen to pressurize the vol- 


ume above the mercury ievel in the McLecdad mercury reservoir and to 


(се the mercury level in the gauge. Piesisiót со: Мо а sare 
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er mercury level rise is accomplished merel 7, Se зарасце ЕЕ 


қ 
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the needle valve. Stopping the mercury усі 27 алу Босс іг іце 
/ 





i oe 


gauge can ре done either by closing the needle valve tc pass cau 


shutoff or by closing the individual gauge skutoff velves. A vent valve | 
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IV. RESULIS AND DISCUSSION 
elimina tests were conducted on one nozzle profile, an 
orifice similar to that shown in Figure 9. Helium was caosen as the 
test gas by reason of its relatively low density, low moleculagweigne, 


and chemical inertness. To elaborate on the “irst two voint Cone 


sider first equation (4): 


c. Aba 
S pou 
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where Mo, = molecular weight, and В = gas consten ec EQ MC. 
which indicates that lower molecular weight is desireasle to reach a 


Ben “Knudsen number with hicher stagnatiom chkarmbes Pressure Р). 


(9 


1 


Ee e Stagnation chamber pressure helps eliminate tha inaccuracies 
caused by leaks and outgassing. 

To show the desirability of low density, considera nass lo, 
near the froe molecular regime where we can take theoretical free 


molecular flow rate as a good approximation to that actually obtained. 


Zrom eguation (13): 
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The volume flow rate is simply the mass ilow rate divi..cc by density: 
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Clearly, lower density gives a higher,and therefcre simpler to meas- 
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Mice, volume flow rate for a given stagnation cham e. 
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The prelimiñary tests were tone 12.058 сона ho Coun см 


instrumentätion and to ensure thai бе systema Wes зато ту 
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ing the desired flow range from continuum to ivee m0 eeu aes 
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Ihe initial series of tests, spannibb 2 period 04 аБоще още 
month, gave erroneous results @t high Knudsén Puke sS (1 to 10), 
aaicating mass flows as auch as 10 рег селу реј ом ке боса 25: 
izce-molecular flow rate for the'measured ser 32 Se m ma а 
Exe. An exhaustive series of le@kage tests firally Cevecceq amea 
into Be stagnation chamber of about i micron-liter ner second. A 
“leak of this magnitude was negligible at lower Knudsen numbers and 
МИШ ОС effect on results, but was sufficient to impaik tae Geta near 
ШЕ гее molecular end. 

Another possible source of error at low flow rates was the 
silent pressure drop built up across the VYbl-U-- deter piston for low 
E ate measurement. Although the magnitude 02 50 553555050 


= 


ehange in the feed line when the Voi-U-Meter bypass was closed was 


a fraction of one per cent, an oscillating pressure wave may kave had 


і 
- 


tea greater effect on the ¿low rate measurement. he remedy 


was to route the test gas through one of the rotameters, with the ro- 
tameter inlet needle valve set to provide a pressure Crop equivalent 
to the weight of the Vol-U-Meter Diston. Then, simutaneously with 


the closing of the Vol-U-Meter bypass valve, the rotameter bypass 


valve was opened and the pressure drop quickly mig 


са 


to the Vol-U- Meter piston. 
Elimination of the leak produced a df kly accurete date for 
а second series of tests. Im the subseaucenthy descristd uresente- 


lens СЕ data, only the results from the sebosc sevice 








E 
used at hilh Knudsen numbers, but boih sets aro Bowo a T EE 
below. Each data point at Kn = 1,0 and above coo ы 
five hours or more for system stebilization ate to се <= M 
and low stagnation chamber pressures. пе fiow nejatrement pro= 
ec dure alone often consumed an hour or mo- e CARON: 

The pumping system adequately maintained at least a 190:1 
pressure ratio across the .039-inch diameter (or approximately 1- 
millimeter diameter) orifice throughout the entire test range. Pig- 
ures 5 and 6 show the diffusion pump and the Stoxes 309 CTI pump 
both tailing off badly in capacity (from opposite ends) at the cross- 
over point of Р. = 10 microns of mercury., However, no difficulty 
Peeexperienced in maintaining at least a LUG Ipreseure га поемеш 
at the crossover exhaust chamber pressure. 

Figure 11 shows the test data p! ottec as zep лл аты? 
versus 1/Re , where: 


Г. = 2/Y2r = theoretical free molecular value, 


R 
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The auantity 





is defined by Lieprnann as the chara 
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The plot of DP versus i/Re is cl 
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m/m, versus Knucsen number. Data from tre present investigation 
are shown as the solidly-colored symbols for casy contest with 
Liepmann's data, which are pletted for comparison. i is seen that 
the present data plot essentially in the middle of Lieomann's data 
mown to a Knudsen number of about 01 . At this point a thou Cte ne 
is a slight irregularity, perhaps corresporcing to Liepmann's sur- 
mised ''overshoot' due to bouncary layer rounding off the orifice lip 
(p. 72 of ref. 8), the present data do not actually show . local maxi- 
mum as do Liepmann's data. Instead, after a slight ге 3х 11 сагуа- 
Meee, the present date extend smoothly toward ah appar nt continuum 
limit of ГГ, for lower Knudsen numbers. 

I we divide equation (15), the continuum expression for mess 


flow through an orifice: 


by equation (13), the free molecular expression: 
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we obtain: 
=> 
m ке (2 1 қ e 
ен = P. Др дек т. = . (34) 
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For both Liepmann's and the present investigation, the exhaust cham- 


per pressure (2 is negligible compared with & , tre siapastion 
ж е о - ~ 
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chamber pressure. If we neglect ЮР , cautiñion (34, Tecomes: 
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This is the same as Liepmann's БД. Ее since 535 Го. = x/ Zr 
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From Dushman 15 оо 520 = ,913 for the orifice of L/D = 


289595, Hor helium, аў іцо in 
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fe 1 = Пе 


Using ee я = .85 for atwo-dime oo e 
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finally obtain: 
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which is almost identical with the value for T/T -- 2% the lowest 1/Re 
(1/Re = . 000528) shown in Figure 11, This is somewhat coincidental 
ENS to uncertainty concerning the valuejef ©. 

Figure 12 shows the same data from thelpesent ¿investigation 
plotted as m/m. versus Knudsen number anc compered with Sree- 
kanth's highest pressure ratio data (ref. 4), TT = | ES 
shown is Sreekanth's semi-empirical formula for the transition re- 
gime, equation (23). It is seen that the present data 2gree quite well 
with Sreekanth's high pressure ratio data. Sreekanth's semi- 
Smapirical equation for mima, as a function ol im dea n u 
шша tO be a reasonable approximation to iNe cata the transition 


regime down to a Knudsen number of .2, but cecins to deviate from 


the data at lower Knudsen numbers. 
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У. CONCEUSIONs 

The low-density gasdynamic fecility described in this report is 
quite adequate for tests on small diameter nozzics, tubes, and ori- 
fices lor tae complete flow spectrum {гог соле Е 
lar. ne pumping system is capable of mainsaininz at lease 2 1002 
pressure ratio across a l-millimeter diameter test profile over the 
entire range of flow measurable by the installed Low measurement 
system. All flow rate anc pressure measurements proved to be ac- 
кете within 1 per cent, as designed; 

tests conducted on an orifice; ©: ее сое кл 
. 0895, show an asymptotic approach to a limitiny velue of the ratio 
oz mass flow rate to theoretical free-~molecuwle mass flow rate at 
both the lowest (Kn = . 06068) and highest (Kn = 8.16) Knudsen number 
tests made, corresponding to 2 continuum limit emda ixce molecular 
limit, respectively. A smootns transition zrom one flow regime to the 


Оо 


(^ 


ШЕШ 15 evident from the gradual change of the mes 
asen number. 

a 2 

The current data and the data of Liepmann ¿nd S:eekanth * 

all apparently show mass flow slightly greater tnan.tac th eee c 


free molecular rate at Knudsen number 10, previously considered 


well within the free molecule flow regime. 
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APPENDIX 1. Typical lest bProcecuts 





1 Pumpdowz 


E = +1 па Y ~ mi e ` 
ncing with all valves closed: 


аг. пу 
аа), 


nm de 
м те етс 


О 


Ж -- wya nm -~ — - ~ 
і. Open sh f valves toO vaCcuu pressure 


utof 
lines (3 valves) 


alve 


2. Open 


tank bypass v 


3. Open 4" Temescal! gate valve 


ua 


Start cooling water flow to: 
l. Stokes pump -- avproximat 


2. CVO difusion pump -- appyox 


i, Stokes pump 
ow Cheek peice 1024 oll valve with Serromagneric ma- 
terial 
b. Ifnot magnetized, shut cCowh шишвесјатеју 
= Cenco Hypervac 25 backing рага? 


3. CVC düfusion pump 


ervaif wäh lauid 


vil Melecd gauge cold-trap res hitrogen 
m т 1- 
Open Mcleod gauge stopcocks 


w 
©: 
pa 
Ф 
б 
(» 
Pm 
ct 
Q 
№. 
О 
© 
г. 
H 
cr 
й 
о; 
О 
er 
3 
Gy 
О 
5 


utoff valve downstream of vaz c bloli ek. 


dla ага 
waa A = sh dh 


1550: по. 


"те ка ~ 


When exhaust cheamber pressure 22 real . 


2. Geen Zz" Temescal gete valve | ] 


i 





ae 
3. Shut down Stokes pumo 


ч 


I, Pump down system to desired ultimale pressure. Note: ii 





Ел. 


this is the first pumvcown aite: ths syctemn 125 шесо сх- 
posed to #€mospheric cConsitiore 

pet 
1. Open Stokes pump gas ballast valves (2) 


“4. Delete steps D and E 


3. Operate on gas ballabt for 15 - Eb minutes 
4. Close gas bdllest before going во Step H 
Р 
- = - дъ > =, e snam 7 2 =< гу» 
5. Pump down system for at least 24 hours before pro- 


ceeding (it mey be desirable tc purap down for a few 
days to minimize outgassing) 
6. Execute steps D and E before procéecding 
ТЕ Test Gas Flow Setup 
А. Close tank bypass valve 
В, Close one of the shutofi valves to (ne MeLooigeeupe vacuum 
line (which one depends on whethe> exhaust cr stagnation 


chamber pressure is to be measured) 


О. 230 гева ле соја фар сесесуой2 улила и ана оо то 


О 


tart constant-temperature water cach 


ч 


: Start mtor and heater 


b 


o 
(0 
о 
с“ 
(9 
о 
Юю” 
ын . 
а 
D 
Q 
(2, 


2. ¡Set temperature regulator after ilow Late € 





pr» ~ 7 Ss РА “~ Z3 = Я = 

Е. Owen all valved in the gas её line except: 
3 2 5 е аа іа -- - ix Niue с $ ~ 
i. Giose individual rotemeter SHE valyes 


2 ri æ A - у жа = = 
2. Slwee ftotemeter outlet valve 


3 - 6. B de С. . . / > + me 2 7 "~ а 
За Close аза line SOMO уха 69 аст hoe tr а 


Ча ВА < и da ~ % 
or the fecd line vent volvo 





к 
42 


k 
і 


Oven helium leas suo bottlo 
VG 
1. Set hich=pressurerern gul ето o MS 
> 


below 200 psi) 


2. Setlow-prespuro reguistos to 25oat DUE 


СЕ 


After a few seconds ‘of venting iced с 


* , 


1. Close feec-line vent valve 


2. Open feed-line chutes: vaive downst occur с. che ene 
Open var E leak to the Zesiced сое ЕЕ oo 
appr cU date сосптет тсасаруссоас өазұласттот рл ккк 


helpful for this) 


і, Monitor exhaust chamber pressure on fmermistor ho. l 
4. If exhaust chamber mressure exceeds 10: ile roma. 
switch pumps 
a. Close 2" Temescal Catena уе 
b. Start Stokes pump and weit 39 seconds 


_ 


с. Open 4" Ternescai gate valve 


"Wher satisiied with pump setus, “monito siapnetion спат = 


ber pressure on thermistor no. 2, 0 - 50 min dial салсе, 


= = NE... 


tmm "~ * - ~ 
de aad vw a 97114“, СС valve 


or manometer. No Note: Keep m 


№ 


closed below 50 mm Hg to minimize цзксъгу уарог соп- 


m—- 


1 ы ҒАС | 4. P ая аа Ро 1 
1, Oper брае valve to озата л 


= de >. 4 *, a E 4: e - Ша а На 1 
2. Орел кобатлетет обр аа "злу 
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2 о аа bypass valve 

4. Partially open rotameter no. a de E give 
about . l psi —" between ílow measure- 

ment system input pressure (0 - 15 psia cial gauge) 
and Vol-U-Meter output pressure (0 - 25, 25 - 50 psia 
. dial gauge) | 

5. Stabilize ЕТЕНЕ for at least 2 hours 

6. Continually refill cold traps 

T. Close Vol-U-Meter bypass valve To simultaneously 

- Open rotameter bypass valve. Note: this procedure 
minimizes changes in the gas input pressure to the 
." variable leak when the Vol-U-Meter is thrown into the 
System. 

8. Time the piston between any two volume marks (pref- 
erably 0 to 25 cc at the slower rates, and 0 and 22 cc 
at the faster rates) 

9. Before the piston — the top oí the tube: 

а. Stop the piston by cracking open the Vol-U-Meter 
bypass valve 
b. Lower the piston gently to the bottoza oí the с by 
carefully opening the Vol-U-Meter bypass valve a | 
bit more 
B, Moderate to High Flow Rates -- Rotameters 
1. Close input.needle valve oí desired rotameter. 


г. Open input valve to rotameter 








ve 
3. Open rotameter output-line ES valve 
4. Close rotameter bypass valve 
5, Open rotameter input needle ais carefuliy to full 
Open position. Note: this should be dono carefully to 
prevent damage to the rotameter íloat. 

0. The rotameter can be read continuously and will help 
indicate when the flow is stabilized (the primary means 
oí assuring stabilization is stagnation chamber pres- 
sure measurements). 

iV. Other Data Measurements 
A. Atmospheric conditions 

l. Pressure ~ barometer (apply temperature [gravity cor- 

rection to indicated Hg column height) 


, 


2. Temperature - thermometer on barometer case 


с 


В. Gas inlet conditions 
1. Pressure - before flow en system 

си Deere regulator dial gauge (0 - 30 in. H,O) 
- this pressure plus atmospheric should equal flow 
measurement system input pressure 

b. Flow measurement system input dial gauge (0 - 15 
psia) 

с. Flow measurement system input manometer (0 - 


-800 mm Hg gauge) 


3. Temperature - before ilow measurement system 








-5 5- 
= C. Stagnation Chamber Conditions 
| Lz па Re | 

а. Thermistor по. 2 

b. re gauges 

с. Dial gauge (0 - 50 mm Hg) 

d. Manometer (0 - 800 mm Hg) - the scale is те. 
corrected for temperature and gravity - subtract ' 
scale reading from corrected barometer reading 

г. Temperature - thermometer is in protective shroud 
protruding from upstream end of tank 

D. Exhaust Chamber Conditions - Pressure 
1. Thermistor по. 1 
2. McLeod gauges. 

V. McLeod Gauge Operation 

A. D pressurization system 
1. Close individual gauge shutoff eee 
2. Open vent line valve 
3. Open needle control valve 
4. Open nitrogen bottle valve 
5. Open regulator shutoif valve 
6. Set regulator pressure at approximately 25 psig 
7. Close needle control valve 

B. Sample measurement | i 
E Capture of gas sample (either gauge) 


a. Close vent line valve 


5. Open desired gauge shutoíí valve 1 3/4 turns 
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с. . Open needle valve slowly to obtain rate oí mercury 


• 


rise such that sample capture takes 15 - 30 sec- 
onds | 
| . 2. Non-linear gauge 
‚а. After sample capture, increase rate of mercury 
| Ее but slow it drastically near the top of the 
large volume to avoid shocking the closed capil- 
lary tube 
Da Ве mercury is in Te closed capillary, increase 
the rate oí rise again 
с. Slow the me rcury rise as the level in the open capil- 
lary nears the top 
d. Stop the top of the mercury meniscus at the bottom 
of the black tape line by either closing the needie 
valve or closing the gauge shutofí valve 
е. Tap both capillaries a few times to overcome sur- 
face tension effects 


і. Read the difference in mercury column heights 


3 


Linear gauge 
a. After sample Е increase rate oí mercury 
rise but slow it near the top oí each large volume 
to avoid overshooting the compression volume cal- 
5 ibration mark 
D. Stop the Mercury meniscus at the desired scribed 


volume mark by closing either the gauge shutofí 
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valve or the ese valve 
(1) Use lst scribe mark and left tube for pres- 
sures between 125 and 10 mm ' 
(2) Use 2nd scribe mark. and middle tube for 
pressures between 10 and 1 mm 
(3) Use 3rd scribe mark T right tube for pres- 
sures between 1 and ‚1 тата (pressures below 
- 15 mm can also be read on the non-linear 
McLeod) 
Ger \cad the aiiierence in mercury columsshcıehrs 
4. To lower the me rcury level in either gauge: 
а. Close needle valve 
b. Open vent are valve 
с. Open gauge shutoff valve 
Note: if a slug of mercury hangs up in the closed capil- 
lary of the non-linear gauge, carefully heat the tube 
with a fuel-rich (yellow) natural gas/oxygen flame until 
the slug vaporizes. 
5. Conversion from scale reading to pressure 
ae Apply temperature and gravity correction to all 
mercury column heights before using scale factors 


bewScale factors 


е. , Ae 2 

(1) 0- 100 micron gaupe: P, ,=.2375410 h 
| (uj р mm 

2) 0-1 mm gauge: P = 1.817 

(2) 1 за (mm) ^ DES 


ы, ж. 


(3) 0 - 10 mm gauge: UN = l, 894X10 В 
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= 2, 494X 102728 
(mm ara 


(4) 0-100 ER gauge: P 
ML, System Shutdown | 
А. Test gas feed | | К T и Я 
i. Close valve downstream of variable leax 
Ze “Close feed-line shutoff valve downstream of feed line 
vent | | 
3. Check ld Verse bypass and rotameter bypass: 
valves open 
4. Turn off helium (test gas) bottle 
5. Open feed-line vent valve | 
B. CVC Diffusion pump | 
1. Close 2' Temescal gate valve 
2. Turn off diffusion-pump heater switch 
3. Let water and Hypervac 25 run until heater feels cool 
to the touch 
4. а off water 
Seas Turn off Пуретуас 25 
on McLeod pressure system 
1. Close both McLeod gauge shutofi valves 
2. Open vent line valve | i 
3. Turn off nitrogen bottle 
4. Open needle сол valve 
үш. Periodic Checks 
А. Check wooden shims under the test-toak support stand ке 


weexly and knock them bacx into positions mazked on the 





. hj 


¿598 
floor if vibration has moved them out. 
Check the oil level in the Hypervac 25 backing pump at 
least every other day. Add Cenco Hy Vac oil while pum? s 
running: | | 
Oil level in the stones 412H pump should be halíway up the 
sight glass while the pump і5 running. | 
Temperature of diffusion-pump cooling water taken at the 
outlet should be 110 - 120 degrees Fahrenheit for maxi- 
mum pumping rate. Check daily. 


Stokes pump cooling water should be 79 - 100 degrees 


‚Fahrenheit atthe outlet. Check during each period oí ex- 


tended operation. 
Drain the water out of the Stokes pump and refill with clean 


water twice weekly. 























